The mother-child relationship may have important implications for emotional development and adult psychopathology. The objective of this study was to examine brain responses to processing maternal faces in healthy adult women.
T he long-standing nature-nurture debate has evolved into an empirically based understanding that social and emotional experiences, especially early in an organism's life, interact with genetic disposition in determining health and adaptation throughout the lifespan. 1 In particular, the quality of the mother-child relationship is a critical ontogenetic factor that serves as a regulator of the child's social and emotional experiences throughout development. It has been suggested that a sense of maternal security or attachment throughout development is necessary for normal development and appropriate evaluation of, and response to, social or other environmental cues later in life. [1] [2] [3] Thus it has been suggested that a disturbed relationship between mother and child-for example, one characterized by loss, separation, lack of care, neglect, or abuse-leads to abnormal development of the child, resulting in maladaptation and ultimately, disease. In support of this assumption, numerous epidemiologic, case-control, and twin studies have provided strong evidence that adverse early social experiences are associated with marked increases in the risk of developing a wide range of psychiatric disorders, including depression and anxiety disorders. [4] [5] [6] [7] Adversity related to one's own mother, such as maternal loss, separation, or poor maternal care, demonstrates a particularly strong association with psychopathological outcomes such as depression. 4, 6, 8 The neurobiological mechanisms that might mediate the association between abnormal mother-child interaction and vulnerability to disease later in life have been the subject of intensive inquiry in translational neuroscience. Research using rodent and nonhuman primate models has shown that maternal separation or lack of maternal care during early development fundamentally interferes with the development of the connected neuronal circuitry involved in cognitive and emotional processing as well as neuroendocrine and autonomic control, resulting in altered physiological and behavioural responsiveness to the environment. 9, 10 In animal models, brain regions that are modified by maternal separation or lack of maternal care overlap with neural systems that have been implicated in the pathophysiology of depression. 11 To elucidate the neural mechanisms of the association between maternal care and disease vulnerability or resilience in humans, it is a critical first step to identify the neuronal circuitry that uniquely responds to mother-related cues.
Although several studies have evaluated neural correlates of mothers' perceptions of infants or of romantic attachment, [12] [13] [14] [15] areas specific to processing information related to one's own mother have not been studied. The present study aimed to identify neural systems that index the relationship with one's own mother in healthy individuals. Using fMRI, we measured BOLD responses to passive viewing and active labelling (that is, salience and emotional valence) of pictures of each subject's own mother's face, while controlling for closeness in adults with perceived adequate early-life maternal care. (The task-induced neuronal activation results in an increase in the ratio of oxygenated to deoxygenated blood, leading to decreased magnetic susceptibility and increased fMRI signals.) Taking in to account that, in addition to adequate maternal care, less controlling or restrictive maternal behaviour promotes autonomy and independence in children and is essential for optimal maternal bonding, 16 we also explored associations between BOLD responses and retrospective assessment of mothering style.
Methods

Subjects and Behavioural Assessment
To prevent sex variations on mother-specific neural processing, we included only female subjects. The study participants included a group of 10 healthy volunteers between the ages of 20 and 30 years (mean 25.0 years, SD 3.4) who had a score of 23 and above on the Mothercare subscale of the PBI. 16 The PBI is a self-report questionnaire to measure perceived parental bonding before the age of 16 years. This retrospective measure has 25 items comprising 12 care items and 13 overprotection items for both mother and father. Consistent with the objectives of the present study, we used only the Mothercare subscale for subject selection. Maternal care plays a key role in determining the quality of early-life child-mother bonding and is the strongest predictor of mental health variables, including anxiety and depression. 2, 17 Mothercare scores appear to be stable over time. 18 A Mothercare score of 23 was used for subject selection because a score of 22 or less represents low maternal care. 19 In addition to adequate maternal care, each subject reported a stable, normal relationship since childhood with her living biological mother. We excluded subjects with a history of early abuse and (or) the presence of any current conflict in the maternal relationship. We also excluded subjects with a history of paternal death or parental separation for more than 12 months before age 15 years.
All subjects were free of serious medical and neurologic illnesses, according to self-report and physician-directed medical review of systems. Of the subjects, 7 were right-handed, and 3 were left-handed, as determined by the Edinburgh Handedness Inventory. 20 We excluded subjects with pregnancy or medical contraindications for MRI. The Structured Clinical Interview for Diagnosis 21 was used to screen for current and previous history of psychiatric illnesses and substance abuse, and no subject had an Axis I diagnosis. Because anxiety and depressive symptoms may introduce recall biases in self-report measures (that is, the PBI) 17 and may also influence neural processing of emotionally relevant stimuli, current anxiety and depressive symptoms were measured with the BAI 22 and the BDI. 23 The study was approved by the Institutional Review Board at Emory University, Atlanta, Georgia. All subjects gave written informed consent to participate and were compensated US$75.00.
Stimuli
Each subject provided a full-face, digital, colour head photograph (from the shoulders up) of her mother and also of a close female friend (similar in age to the subject), with a smiling expression and eyes looking forward and taken within the past year. For each subject, 2 unfamiliar photographs (the first age-matched to the mother and the second age-matched to the friend) were selected from photographs provided by the other subjects. We formatted images to control for size, luminance, and background, using Adobe photoshop CS2 (Adobe Systems, Inc, San Jose, CA).
Subject Briefing Prior to Scanning
Each subject was told that she would see photographs of her mother (M), her close friend (F), and an older (O) and younger stranger (Y), intermixed with presentations of a fixation cross.
The subjects were informed about 3 tasks (passive viewing, valence, and salience) to which they should respond with a button press while viewing the faces. They were given specific task instructions for each task at the beginning of each block. During the passive viewing task (P), they were instructed to view the pictures passively with a button response for a picture presented. In the valence task (V), they were asked to rate with a button response how pleasant the picture made them feel (1 = least pleasant to 4 = most pleasant). For the salience task (S), they were asked to rate with a button press how much they were able to relate with the picture (1 = "not at all" to 4 = "a lot"). Salience and valence tasks were used to examine the differential brain processing of faces during self-related and emotional evaluations according to levels of personal familiarity.
Experimental Paradigm
A mixed fMRI design was used, where faces were presented as events and tasks were presented in blocks. The experiment consisted of 4 runs. Each experimental run included 3 task blocks with a randomized set of 16 pictures (4 each of mother, friend, older stranger, and younger stranger) alternating with a fixation cross. Each face was presented for 4 seconds and was followed by a visual fixation cross for 10 seconds. The order of 3 task blocks was counterbalanced within each run. In total, 192 pictures were presented to each subject. The duration of each block was 224 seconds, and each run lasted 672 seconds. The total experiment lasted for 45 minutes.
Imaging Parameters and Analysis
Images Acquisition. Subjects were scanned in a Siemens 3-Tesla Trio MRI scanner (Siemens AG, Erlangen, Germany). Head movement was restricted with padding. An automated shimming routine was performed to optimize magnetic field homogeneity. Functional imaging was done with the ZSAGA pulse sequence, which uses a dual-echo EPI sequence incorporating the z-shim technique to compensate for susceptibility-related signal losses. 24 The z-shim gradient was calibrated to optimize signal recovery in the inferior frontal lobe. Pulse sequence parameters were as follows: TR = 2000 ms, TE = 30 ms, FA = 90º, 64 × 64 matrix, 20 slices of 3.44 × 3.44 × 4.00 mm voxels. For each subject, 4 functional runs were acquired (described above), with each run acquiring 330 scans. A T 1 -weighted, high-resolution structural scan (TR = 2600 ms, TE = 3.93 ms, FA = 8º; 176 sagittal slices; 1 mm isotropic resolution) was also obtained to rule out any structural abnormalities.
Image Preprocessing and Analyses
The examination of images for possible artifacts, outliers, and missing values did not identify any images to be discarded. Data were preprocessed with SPM2 (Wellcome Department of Imaging Neuroscience, London, UK, 2003). Images were realigned to correct for head motion and time sliced to the middle slice to correct for slice acquisition delay between subsequent slices. Images were resampled to obtain a voxel size of 3 × 3 × 3 mm and then spatially normalized to the SPM2 EPI template. The images were then spatially smoothed with an isotropic Gaussian kernel of 8 mm full width at one-half maximum.
Preprocessed images were analyzed according to a general linear model implemented in SPM2. 25 To allow for differences in the onsets of the responses across brain regions, neural activity was modelled as a delta function convolved with SPM's canonical hemodynamic response function and its temporal derivatives. A high-pass filter with a cut-off period of 128 seconds was applied to reduce slow drifts in the signal.
A one-sample t test of contrasts of interest was performed for each subject separately, and resulting individual contrast images, or beta maps, were submitted to a group analysis of random effects. A voxel-level significance threshold was set at P = 0.001 uncorrected for multiple comparison with minimal cluster size (k) equal to 10 voxels because there were no a priori defined brain areas of activation. 26 Anatomic labelling of activated clusters was performed by means of visual inspection and by employing the AAL SPM toolbox. 27 To identify brain regions with differential response to mothers' faces, we contrasted the mother's face with all other faces (M > F + O + Y) in each task (S, V, and P), as well as across all tasks combined (main effect of face, independent of task). Clusters from group analyses of these contrasts that achieved statistical significance were then selected as ROIs for further analyses. We calculated individual percentage signal changes in activation from baseline in each ROI for each of the 4 face types in each task, using the SPM2 Marsbar toolbox, 28 and then averaged these across subjects. Lastly, we compared the direction and magnitude of responses, using t tests of percentage signal changes.
A second level of analysis was performed to investigate the influence of maternal style on the magnitude of difference seen in the contrast M > F + O + Y. The PBI uses protection scores to distinguish optimal from nonoptimal mothering (that is, affectionate constraint) groups in subjects with adequate maternal care. 16 Accordingly, our study subjects were split into 2 groups (a maternal overprotective group and a maternal nonoverprotective group) based on cut-offs in maternal protection scores of 13.5, as suggested in the PBI 16 ( Table 1 ). We used the 2-tailed t test to assess group differences in percentage signal change in the ROIs identified in the primary contrasts. Lastly, we calculated Pearson correlation coefficients for the relation of early maternal scores and protection scores with brain activations in the ROIs.
Results
Psychological Assessment
Sample characteristics and results of the psychological assessment are presented in Table 1 . The mean PBI score for mothers' care was 31.4, SD 3.1, and for protection, the mean PBI score was 13.4, SD 7.87. The mean BAI score was 2.4, SD 2.5, and the mean BDI score was 1.7, SD 2.2. The maternal overprotective group, defined as a maternal protection score > 13.5, 16 included 5 subjects; the remaining 5 subjects with maternal protection scores < 13.5 were assigned to the nonoverprotective group
Behavioural Data
A repeated-measures analysis of variance with face and task as within-subject factors revealed no significant main effect of face (F 3 = 0.77, P = 0.77) or task (F 2 = 0.75, P = 0.47) or face-by-task interaction (F 6 = 0.93, P = 0.48) on reaction time to button press response to facial stimuli presentation during 3 tasks. There was a main effect of face (F 3 = 126.98, P < 0.001), Task 1 (F 2 = 716.86, P < 0.001), and a face-by-task interaction (F 6 = 33.02, P < 0.001) on salience and valence ratings. Post hoc analyses revealed that salience and valence ratings between mothers' faces and friends' faces were comparable (salience, t 9 = 1.34, P = 0.21; valence, t 9 = 0.42, P = 0.07). However, salience and valence ratings of mother were greater than that of older stranger (salience, t 9 = 37.47, P < 0.001; valence, t 9 = 5.88, P < 0.001) and younger stranger (salience, t 9 = 45.97, P < 0.001; valence, t 9 = 12.67, P < 0.001).
fMRI Results
Main Contrast. The main contrast (M > F + O + Y) revealed the following clusters of significant brain activation at the defined threshold (P < 0.001 uncorrected, k = 10) ( Figure 1 , Table 2 ). Across all tasks (V, S, and P combined) an increase in left PCC activity was found (the cluster also included Pcu).
In the salience task, an increase in DLPFC activity was identified. In the valence task, an increase in VMPFC activity was found (the cluster also includes the perigenual ACC). There were no significant activations at the threshold of P < 0.001 in the passive condition.
ROI Analyses. Percentage signal changes in response to mother, friend, and strangers' pictures in the 3 ROIs are shown in Figure 2 . Across tasks, the signal in PCC-Pcu demonstrates a gradient increase in activity with all faces: mother > friend > strangers. However, none of the comparisons between mother and friend (t 1 = 0.87, P = 0.40), mother and older stranger (t 1 = 1.74, P = 0.10), or mother and younger stranger (t 1 = 1.81, P = 0.09) reached statistical significance.
By contrast, viewing the mother's face generated positive percentage signal change in VMPFC-ACC activity during valence judgments, whereas viewing other faces showed negative change in the same region for the same condition. Further, the difference in percentage signal change between mother and friend was statistically significant in this region during the valence task (t 1 = 2.61, P = 0.02). Likewise, the differences in activation between response to both mother and older stranger (t 1 = 2.61, P = 0.02) and mother and younger stranger (t 1 = 2.50, P = 0.02) were significant.
The significant increase seen in DLPFC activity with the salience condition was due to an increased response to mother's face and a decreased response in this region to all other faces. In this task, only the difference in percentage signal changes between mother and younger stranger was significant (t 1 = 2.48, P = 0.023).
Secondary Analyses. Subjects with a lower maternal protection score (< 13.5, n = 5) activated PCC-Pcu across conditions, whereas subjects with a higher maternal protection score (> 13.5, n = 5) deactivated the same region. The between-group difference in PCC-Pcu activation was significant (t 1 = -2.61, P < 0.03), whereas the between-group differences in VMPFC-ACC and DLPFC activations were nonsignificant (t 1 = 0.27, P = 0.791 and t 1 = 0.01, P = 0.994, respectively). The overprotective and nonoverprotective groups differed only in protection scores (t 1 = -4.693, P = 0.002), as expected, but there were no significant group differences in PBI maternal scores (t 1 = -0.191, P = 0.854), age (t 1 = 1.057, P = 0.32), BAI scores (t 1 = -0. 711, P = 0.497), BDI scores (t 1 = -1.033, P = 0.332), reaction time (t 1 = -0.968, P = 0.361), salience (t 1 = -1.311, P = 0.226), and valence ratings (t 1 = -1.434, P = 0.256) while subjects processed maternal faces. Further, correlations of PBI maternal protection scores with percentage signal change in the PCC-Pcu, VMPFC-ACC, and DLPFC identified in the primary contrasts were nonsignificant (PCC-Pcu, r = -0.551, P = 0.099; VMPFC-ACC, r = -0.521, P = 0.123; and DLPFC, r = -0.255, P = 0.476). Similarly, correlations between maternal care scores and task-specific percentage signal changes in these 3 brain regions were not significant (r = 0.47, P = 0.167; r = 0.002, P = 0.996; and r = 0.33, P = 0.34, respectively).
Discussion
In this study, we found that processing of maternal faces evoked specific brain activations in 3 brain regions in women with perceived adequate early-life maternal care and a current normal relationship with their mother. Mother-specific activations were observed in the PCC-Pcu across all tasks. The VMPFC-ACC showed significant activation during emotional evaluation of maternal faces, while there was deactivation during processing of control faces in the same condition. The DLPFC showed activation specific to mothers' faces and deactivation in response to control faces, but only in the salience condition. In addition, PCC-Pcu activation demonstrated graded response to faces, with greater response to mothers' faces than other faces, and further, showed differential responses with respect to mothering style. Interestingly, among the 3 mother-responsive brain regions, only VMPFC-ACC activations during emotional appraisal distinguished the unique processing of one's own mother's face from that of a close friend.
Greater activation of the PCC-Pcu during maternal face processing is not surprising, given its documented role in processing personally familiar faces and autobiographical memories. [29] [30] [31] [32] The graded response of this region to face presentation (mother > friend > strangers) suggests that activity in this region may not be specific to maternal cues per se but, rather, may be correlated with the degree of personal familiarity and self-relevance of the cue presented. Further, the differential participation of the PCC-Pcu during processing of maternal faces in overprotective and nonoverprotective The contrast was thresholded at P = 0.001 (uncorrected for multiple comparisons), k = 10 voxels. MNI = Montreal Neurological Institute b Superscript denotes that the subclusters belong to the same group of the clusters. -= no data groups may suggest its involvement in processing personal familiar faces with relevance to previous experience or memories. This interpretation is consistent with the literature suggesting that maternal overprotective or controlling behaviour may involve quite different parent-child interactions and adult consequences when compared with mother-child relationships that involve less controlling patterns. 33 Verification of such a conclusion will require further studies where variability in Mothercare scores is also considered. Our findings suggest that VMPFC-ACC activity during the valence appraisal distinguishes the processing of one's own mother's face from other faces, including that of a close friend. This finding suggests that emotional processing of one's mother's face is unique, compared with emotional processing of other cues, even personally relevant cues such as one's friend's face. Further, emotional evaluation of the mother's face may be less cognitively demanding than that of other faces because an attention-demanding cognitive state inhibits VMPFC activations. 34 This may explain the activation and deactivation pattern shown in this region during emotional appraisal of one's mother's face, compared with control faces. The selective recruitment of the VMPFC-ACC during emotional appraisal of one's own mother's face is consistent with previous studies implicating this region in emotional processing and mother-infant interactions. [12] [13] [14] [15] 35, 36 Mothers, while processing cues from their own infants, activate the medial and orbitofrontal cortex and perigenual cingulate cortex in addition to the thalamus, striatum, hypothalamus, and midbrain. [12] [13] [14] [15] In infant monkeys, lesions in the ACC (area 24) reduced separation cries following separation from the mother. 37 Further, 2-week pups from normal Octodon degus mothers show higher metabolic activity in the ACC, orbitofrontal cortex, and prelimbic cortex in response to maternal calls, compared with pups from muted mothers. 38 The differential involvement of the DLPFC in making salience judgments of maternal cues, compared with other cues, may reflect its role in cognitive processing of selfrelevant stimuli or internal thoughts. 39 In support of this interpretation, the DLPFC has extensive interconnections with the DMPFC (a key region for processing emotional aspects of the self) 40 and striatum (which participates in processing saliency of a stimulus). 41 Cognitive processing of salient stimuli with strong personal and emotional relevance (that is, one's mother's face) may require greater effort than processing of less emotionally and personally relevant cues. Again, the absence of significant activity in this region in the mother-friend contrast suggests that activity in this region is not necessarily specific to maternal cues, except as they reflect strongly the personal significance of the stimuli. No significant differences between response to mother's and others' faces c The differences in percentage change from baseline between mother and friend or mother and older stranger were not significant at 2-tailed t test (P = 0.39, P = 0.06), but the difference between mother and young stranger was significant (P = 0.023). d For VMPFC-ACC, the differences in percentage change between responses to mother and friend faces, mother and older stranger faces, and mother and young stranger faces were significant at 2-tailed t test (P = 0.02, P = 0.05, and P = 0.02, respectively).
Several limitations must be considered when interpreting these findings. First, the small sample size of women only clearly limits generalizability of these results. In addition, our study might be underpowered to examine mother cuespecific activations in the VMPFC-ACC and DLPFC relevant to perceived mothering style. Further, our study did not include subjects with low maternal care, which limited our ability to examine the effect of variations in maternal care on mother cue-specific responses. Future research should address these issues with a larger sample size. Second, maternal care was assessed with a retrospective self-report measure, and although the PBI is a commonly used and reliable measure of parenting style, [16] [17] [18] there are potential sources of error in retrospective reports of childhood experience. 42 Third, owing to heterogeneity in handedness, we did not feel justified in examining the potential significance of laterality of activated brain regions in the main contrast. Fourth, it could be argued that the specific brain regions activated while viewing one's own mother's face might reflect the perception of the recent relationship with one's mother rather than early relationship. Our study has addressed these issues by investigating the neural mechanisms in respect to perceived early maternal care and by including only the subjects with no conflict in the current relationship with their mother. Another issue is that our results of mother cue-specific brain activation do not suggest that there are specific neural circuits for each attachment behaviour. However, it seems likely that these brain regions are involved in several functions related to processing of social relationships because they overlap with neural systems that represent mother-infant and romantic attachments. Further, these regions may differentially participate in processing social relationships according to the level of familiarity, emotional relevance, and self-relevance. In summary, this is an exploratory study examining neural correlates of maternal face processing in relation to early-life maternal care and bonding pattern in healthy adults. Since little is known about the neural basis of early-life experience-dependent systems, our findings and interpretations should be considered tentative.
Despite these limitations, these preliminary findings provide new clues in regard to the neurobiology of cognitive and emotional processing of maternal-specific cues. If replicated, these results provide a basis for assessing the impact of disrupted maternal bonding in early childhood (for example, through separation, neglect, or abuse) on neural processing of maternal cues in clinical and nonclinical populations.
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